Combining highly localized electron-beam excitation at a point with the spatial resolution capability of optical near-field imaging, we have imaged carrier transport in a cross-sectioned multijunction (GaInP/GaInAs/Ge) solar cell. We image energy transport associated with carrier diffusion throughout the full width of the middle (GaInAs) cell and luminescent coupling from point excitation in the top cell GaInP to the middle cell. Supporting cathodoluminescence and nearfield photoluminescence measurements demonstrate excitationdependent Fermi level splitting effects that influence crosssectioned spectroscopy results as well as transport limitations on the spatial resolution of cross-sectional measurements.
I. INTRODUCTION
Transport of photo-generated carriers is a critical component of solar cell operation. While the cumulative behavior is represented in an overall efficiency, the ability to directly observe energy transport associated with internal motion of either charge carriers or photons can provide valuable insight into key mechanisms determining that efficiency. We describe the first transport imaging using combined electron beam excitation and near-field scanning optical microscopy (NSOM) to map photon emission associated with carrier recombination and/or optical transport following point source excitation in a multijunction (GaInP/GaInAs/Ge) solar cell. This is most interesting in cross-section, since it images transport in the relevant direction for device operation.
There is a key difference between transport imaging, as presented here, and more conventional scanning photoluminescence (PL) and cathodoluminescence (CL). In CL and PL mapping, the point of excitation is scanned; resultant luminescence is collected and mapped to the point of origin.
In transport imaging, we maintain the spatial distribution of the luminescence resulting from excitation at a fixed point. This allows direct visualization of carrier diffusion, drift or luminescent coupling. This approach has been previously used to measure minority carrier diffusion lengths and associated minority carrier mobilities in GaInP as a function of both doping and temperature [1, 2] .
Efforts to increase efficiency in multijunction solar cells include increasing the number of junctions to provide more efficient absorption, introducing new materials systems and applying increasingly sophisticated models to optimize luminescent coupling [3, 4] . While a majority of CL work on multijunction cells has focused on defect mapping [5] [6] [7] , transport imaging has potential to directly evaluate materials properties, image interface and junction recombination behavior and observe and quantify luminescent coupling.
II. EXPERIMENTAL RESULTS: CL AND NEAR-FIELD PL
The sample is a triple junction GaInP/GaInAs/Ge device grown by MOCVD. It was cleaved in air and mounted vertically to expose a cross-sectional surface. Since transport imaging depends on emitted light, we initially perform standard CL to identify the origin and relative intensities, particularly in a complex multilayer structure. Figure 1 shows a highly schematic cross-section of the sample. Figure 1 will be used repeatedly to describe multiple experiments. Cross-sectional schematic of the structure. BSF: back surface field; TJ -tunnel junction CL was collected with a parabolic mirror, dispersed with a ¼ monochromator and detected with a cooled GaAs PMT. An area scan at 300 K (light red box in Figure 1 ) results in strong ~ 880 nm emission from the GaAs middle cell, and a less intense ~ 660 nm emission from the GaInP regions (top cell as well as tunnel junctions and back surface fields). Unlike bulk materials, where the luminescence generated depends only on the nature of the material at the point of electron beam incidence, the luminescence from a single point excitation in a multijunction structure will be a combination of localized response, as well as diffusion and luminescent coupling. Therefore, we first performed CL line scans (black line in Figure 1 ), using the monochromator to enable independent monitoring of 880 nm and 660 nm CL as a function of position. Results are presented in Figure 2 .
There are two important results to note. The GaInP cell is on the left side in this image. As expected, the spatial variation of the integrated 880 nm emission shows the effect of luminescent coupling, with excitation in the GaInP layer producing measurable 880 nm emission. Also, excitation in the GaAs middle layer produces a much less intense, but still measurably above-background luminescent signal at 660 nm.
Since the photon energy for 660 nm emission is larger than the GaAs bandgap, and we expect rapid thermalization of the carriers generated by the electron beam in GaAs, this 660 nm emission cannot be the result of luminescent coupling or carrier diffusion. The low excitation energy (5 kV) rules out the effect of extended generation volume. However, point source excitation in the middle cell can cause an internal voltage and resultant splitting of quasi-Fermi levels in the GaInP window layer on the middle cell. This is the first known observation of this effect in cross-sectional CL. The large difference in intensity between the GaAs emission and this higher energy light means that this effect will not be easily recognized when data are presented on a linear scale.
We also performed cross-sectional near-field scanning PL, using a Nanonics Multiview 4000 AFM/NSOM, to provide a baseline spatial image for interpreting the transport results. Two forms of the experiment were performed: A) far-field excitation (532 nm) through a 50x microscope objective, with near-field PL collection using an optical fiber probe with a 150 nm aperture and B) near-field excitation (532 nm) through a multimode fiber with a 150 nm aperture, with far-field collection through the same upright objective.
A Si photodiode was used for detection. In the absence of carrier transport effects, these two experiments would be expected to produce a similar result. However, significant transport (motion of carriers from the point of excitation) can reduce the spatial resolution, particularly for the measurements with farfield excitation, which creates a larger volume that can contribute to emission at the near-field detection location. The direct comparison, therefore, is of interest as we develop cross-sectional analytical techniques. Figure 3 shows a cross-sectional PL image (Case B -nearfield excitation and far-field detection) as well as a comparison Cross-sectional near-field PL image (top) and plot of total intensity as a function of position (bottom) comparing near-field and far-field excitation.
of total PL intensity as a function of position for the two approaches. The PL signal is combined emission at 660 nm and 880 nm. One sees the predicted difference in spatial resolution, with near-field excitation producing the higher resolution result.
III. EXPERIMENTAL RESULTS: TRANSPORT IMAGING
With an understanding of the spectroscopy for point source excitation in cross-section, we then performed "dual probe" measurements for direct spatial imaging of minority carrier transport and luminescent coupling. The AFM/NSOM is mounted inside an FEI scanning electron microscope. A detailed description of the integrated system has been provided in [8] . We excite with the electron beam at individual points in the GaInAs (green circle) and the GaInP (red circle) layers (indicated in Figure 1 ). The device is open circuit. For transport imaging, the SEM is operated with a fixed beam in "spot mode," while the spatial variation of the resulting luminescence is mapped by scanning the NSOM probe in a region immediately adjacent to the excitation point. The nearfield luminescence was collected through a multi-mode fiber with a 200 nm aperture, scanning in steps of ~ 25 nm. Bandpass filters were used to select the 880 nm and 660 nm luminescence signals. Figure 4 shows a map of the spatial variation of emission of 880 nm light resulting from electron-beam excitation at the green dot. (Note that the direction the top cell is reversed in these images.) As carriers diffuse, some fraction recombine. We observe minority carrier diffusion throughout the full width of the GaInAs absorber, reflecting the large diffusion lengths in these high quality materials. The sharp cut-off in emission that occurs at the interfaces defined by the tunnel junction and the back surface field suggests carrier diffusion as the dominant transport mechanism. An optical transport mechanism would be expected to include some transport of photons through the BSF/TJ to the GaAs buffer layer beyond. This is not observed, even when the excitation point is moved very close to the interface. The highly uniform nature of the luminescence distribution indicates a smooth diffusion profile and the absence of any significant localized recombination, either radiative or non-radiative. Values for the minority carrier diffusion length can be performed if surface recombination velocity is accounted for, though this has not yet been done for cross-sectional samples [8] . Spatially resolved 880 nm luminescence in response to point source excitation in the middle cell (green circle).
In Figure 5 we image luminescence (again at 880 nm) resulting from excitation in the GaInP top cell (red dot). In this case, the luminescence measured in the adjacent GaAs cell is due to luminescent coupling, absorption of photons generated in the GaInP in the lower bandgap GaAs and subsequent radiative emission. The spatial distribution provides an approximate map of the convolution of absorption, carrier generation and recombination. The ability to directly image this phenomenon could be important in the quest to maximize device efficiency through optimization of this internal energy transport.
IV. SIGNIFICANCE AND SUMMARY
We have demonstrated a new approach for directly imaging energy transport in a multijunction solar cell. We observe Spatially resolved 880 nm luminescence in response to point source excitation in the top cell (red circle). minority carrier diffusion throughout the full width of the middle cell and luminescent coupling from the top to middle cell. CL spectroscopy and near-field PL measurements in cross-section demonstrate the role of energy transport in the characterization of these structures. Transport imaging, therefore, can provide insight into device behavior and support further optimization of these increasingly complex devices.
